Background: Ubiquinol-cytochrome C reductase core protein II (QCR2) is essential for mitochondrial functions, yet, its role in cancer development has remained elusive. Methods: The expression of QCR2 in cancer patients was assessed by immunohistochemistry. The proliferation of cancer cells was assessed by CCK-8 assay, EdU staining and Flow cytometry analysis. The biological function of QCR2 and PHB were determined using western blotting, RT-qPCR, microarray analysis and xenografts. The interactions between proteins and the ubiquitination of p53 were assessed by immunoprecipitation, mass spectrometry analysis and GST pull down. The subcellular location of PHB and QCR2 was assessed by immunoblotting and immunofluorescence. Finding: The expression of QCR2 is upregulated in multiple human tumors. Suppression of QCR2 inhibits cancer cell growth by activating p53 signaling and inducing p21-dependent cell cycle arrest and senescence. QCR2 directly interacts with PHB in the mitochondria. Overexpression of QCR2 inhibits PHB binding to p53 in the nucleus, and facilitates p53 ubiquitination and degradation, consequently leading to tumorigenesis. Also, increased QCR2 and decreased PHB protein levels are well correlated with decreased expression of p21 in cervical cancer tissues. Interpretation: These results identify a novel role for QCR2, together with PHB, in negative regulation of p53 stability and activity, thus promote cervical carcinogenesis.
Introduction
Mitochondria play central and multifunctional roles in malignant progression through their distinct bioenergetics and biosynthetic functions [1] . Recently, various components of mitochondrial oxidative phosphorylation have been shown to exert diverse functions that are involved in tumor progression. For example, succinate dehydrogenases (SDHs) act as tumor suppressors, while ubiquinol-cytochrome C reductase binding protein (UQCRB) promotes tumor angiogenesis. Also, ectopic ATP synthase can be relocated to the cell surface, involving tumor-like acidic and hypoxic microenvironment [1] [2] [3] [4] . QCR2 is a core protein of mitochondrial complex III (CIII) and indispensable for the functions of this complex [5, 6] . Although our previous report showed that QCR2 plays a role in trichostatin A (TSA)-induced apoptosis using the suppression of mortality by antisense rescue technique (SMART) [7] , QCR2 is also upregulated in lung adenocarcinoma and breast cancer and binds to NLR family member X1 (NLRX1) and human papilloma virus (HPV)-18 E2. These studies suggest that QCR2 might be involved in tumorigenesis [8] [9] [10] [11] . Addressing this possibility would help us better understand the role of QCR2 in tumorigenesis, and also it is important to dissect the underlying mechanism(s). Our initial attempts to address these issues revealed p53 as a possible downstream player of QCR2.
p53 is a well-studied and critical tumor suppressor, as inactivation of this suppressor (encoded by the TP53 gene) is likely attributed to almost all human malignancies, including cervical cancer [12] . Activation of p53 increases p21 (encoded by CDKN1A) mRNA expression and leads to p21-dependent cell cycle arrest and senescence [13] . Also, p53 maintains mitochondrial integrity and accelerates mitochondrial oxidative phosphorylation via upregulation of p53-controlled ribonucleotide reductase (p53R2) and Synthesis of Cytochrome c Oxidase 2 (SCO2) and inhibition malic enzymes ME1 and ME2 [14] . Furthermore, mitochondrial oxidative stress can lead to p53 activation, likely by blocking the MDM2/MDMX-p53 feedback loop [15] .
p53 is a short-lived protein that is degraded in most of human cells by its two feedback regulators MDM2 and MDMX via a ubiquitindependent 26S proteasomal pathway [16, 17] . It can also be degraded via a ubiquitin-independent 20S proteasome [16] . CIII appears to play a role in p53 degradation via the latter, as CIII inhibitors can activate p53 by blocking the dihydroorotate dehydrogenase step of pyrimidine biosynthesis and interfering with its degradation by the 20S proteasome [18] . Mitochondrial reactive oxygen species (ROS), produced during the process of mitochondrial oxidative phosphorylation, increase the production of NAD(P)H quinone dehydrogenase 1, leading to stabilization of p53 through a ubiquitin-independent proteasome pathway [19] . Mitochondrial dysfunction also activates p53 by reducing NAD+/NADH ratios and inducing AMP-activated protein kinase (AMPK) [20] [21] . However, it remains incompletely understood what other mitochondrial proteins might be involved in this p53 degradation pathway.
In this study, we further investigated the role of QCR2 in tumorigenesis. We discovered that this protein is elevated in human tumors and plays a role in the regulation of p53 levels through a newly discovered PHB-dependent pathway. Our study as presented here provides a new insight into the regulation of p53 expression by QCR2 and suggests this mitochondrial protein as a potential anti-cancer target for future exploration.
Materials and methods

Cell culture
HeLa, Caski, SiHa, C33A, A549, HepG2, MCF-7, HCT116, and HEK293 cells were obtained from the American Type Culture Collection (Manassas, VA, USA) and cultured under standard conditions specified by the manufacturer. The hepatic cell line of human origin QSG7701 was purchased from the Type Culture Collection of the Chinese Academy of Sciences (GNHu7, Shanghai, China). The immortalized human cervical keratinocyte cell line S12 was a gift from Kenneth Raj (Centre for Radiation, Chemical and Environmental Hazards, Health Protection Agency, Chilton, Didcot, United Kingdom); the acquisition of this cell line was permitted by the original owner, Margaret Stanley (Department of Pathology, University of Cambridge, Cambridge, United Kingdom) [22] . S12 cells were cultured in a 1:3 mixture of Dulbecco's modified Eagle's medium and Ham F-12 medium supplemented with 5% fetal bovine serum (FBS; Gibco), 5 μg/mL insulin (Sigma-Aldrich, St. Louis, MO, USA), 8.4 ng/mL cholera toxin (Sigma-Aldrich), 24.3 μg/mL adenine (Sigma-Aldrich), 0.5 μg/mL hydrocortisone (Sigma-Aldrich), and 10 ng/mL epidermal growth factor (Peprotech).
Western blotting analysis
Cells were harvested into RIPA buffer supplemented with protease inhibitors (cat. no. 04693116001, Roche). Sixty micrograms of whole cell lysate or the immunocomplexes were loaded onto an acrylamide gel and then blotted to PVDF membranes. The membranes were incubated with primary antibodies at 4°C overnight. Secondary antibodies were as follows: anti-mouse IgG (IRDye 800CW goat anti-mouse IgG, cat. no. 926-32,210, LI-COR or Goat Anti-Rabbit IgG H&L (HRP), cat. no. ab205718, abcam), anti-rabbit IgG (IRDye 800CW goat anti-rabbit IgG, cat. no. 926-32,211, LI-COR or Goat Anti-Mouse IgG H&L (HRP), cat: ab205719, abcam). Signals were detected by Odyssey scanner (LI-COR, Biosciences, USA) or ECL. Analysis of optical density was assessed using ImageJ software.
Transfection
The siRNAs and vectors were transfected into tumor cells using Lipofectamine 3000 according to standard protocols. QCR2 and PHB-specific siRNAs were obtained from Thermo Scientific, and p53-specific siRNAs were obtained from Ribobio (China). The siRNAs used in Supplementary  Fig. 9b except QCR2 siRNA-2 were obtained from Ribobio (China) and a cocktail of three pairs of siRNA was used to knock down gene expression as indicated in each figure. Sequences of siRNAs used are as follows (5′-3′): QCR2 siRNA-1 (GGCAGUAGAUAUGAGGACU), QCR2 siRNA-2 (GGUGGCAAAUUAAGUGUGACCGCAA), PHB siRNA-1 (GAGAGGACUAU GAUGAGCGUGUGCU), PHB siRNA-2 (CCAAGGCAGCUGAGCUGAUUG CCAA), PHB siRNA-3 (GCCAAAGUGUUUGAGUCCAUUGGCA), p53 siRNA (GAAGAAACCACUGGAUGGA), UQCC2 siRNA (GCCUGUCGUUG GAAGAGUA, GGUGUGGAGUCUUGUACAU, CCUUGGCUCUUACUGAUA U), UQCRFS1 siRNA (CCAUGUUGUCGGUAGCAUC, CUCCUAUUUGGUAA CUGGA, CACCAGUGACGAUAUGGUG), CYC1 siRNA (CUGCCAACAAC GGAGCAUU, ACGGAGGAUGAAGCUAAGG, AGUGGUCAGUCCUGAAGA G), UQCRB siRNA (AUACGAGGAUGAAGAUGUA, CCUUGAACCGUAUC
Research in context
Evidence before this study There has been long-standing interest in finding factors that promote the degradation of p53 in cancer. We systematically searched PubMed on December 29, 2018 with the following terms: "UQCRC2 OR QCR2" AND "p53". There were no relevant human studies although we did find reports of QCR2 expression changes in high fertility bulls and is involved in the effect of nutlin-3a on Male Fertility.
Added value of this study
We identified QCR2 as a novel p53 suppressor independent of HPV E6 protein from a set of cancer cell lines, an in vivo xenograft model, and clinical specimens. This conclusion was further illustrated by the molecular mechanism that QCR2 facilitates p53 polyubiquitination and degradation by interfering with the interaction between p53 and its chaperone PHB in cancer cells that express wild-type p53. Our findings will accelerate the understanding of the mechanisms of tumorigenesis in cervical cancer and provide a basis for the development of new therapeutic strategies.
Implications of all the available evidence
Our findings, together with the existing evidence, highlight the role of QCR2 in tumorigenesis and p53 regulation. Our study as presented here provides a new insight into the regulation of p53 expression by QCR2 and suggests this mitochondrial protein as a potential anti-cancer target for future exploration.
UGAAA, ACAGGAUGUUUCGCAUUAA), UQCRQ siRNA (ACAGCUUGUCA  CCGUUCGA, GCACGUCUUCACUAAAGGA, GACUGAAGAGUUCGAGAG  A), MT-CYB siRNA (GCGCCUCAAUAUUCUUUAU, CCGUGAGGCCAAAU  AUCAU, GCAGACCUCCUCAUUCUAA), UQCR10 siRNA (GACGCUAUCUA  CGACCACA, CGCGACGUUGACUUCGAAA, ACACAUCAAGCACAAGUAU),  UQCRH siRNA (GCAGUUGGAGAAAUGUGUA, CCCACAAACUCUUUAA  CAA, AGAGGAGGAAUUAGUGGAU), LYRM7 siRNA (CAGACCACAAU  ACACUGAA, ACUCAGAACAUCUGUUAUA, GCACCAACUCAGAAGCAAU),  UQCC1 siRNA (GGAUGUGUCUAGUCCGAAU, GGAAGUACAUGUGUCG  UAU, GGUAGAGUAUGUGAGGAAA), TTC19 siRNA (GCGAGCCAAGU  UGAGCAUU, GGAGGACAAUGCAAUAAUU, GCUUUGAUGAGGCCUAUA  U), BCS1L siRNA (GCCAUUACAUGAUCACACU, GUGGCCGCAUUUCCAC UAA, AGACGUGGCUACCUGCUUU), PHB2 siRNA-1 (CCAAAGACCUA CAGAUGGUGAAUAU), PHB2 siRNA-1 (GCAAGAUUCGAGCAGCCCAGA AUAU), PHB2 siRNA-1 (ACGAUCGCCACAUCACAGAAUCGUA).
Use of animals
All animals used in this work were obtained from BEIJING HFK BIOSCIENCE Co., Ltd. (Beijing, China), and experiments were approved by the Committee on the Ethics of Animal Experiments of Tongji Medical College. Mice were maintained in the accredited animal facility of Tongji Medical College.
Ethical approval
The tissues used in this work were obtained from Tongji Hospital (Wuhan, China) and Xi'an Alena Biotechnology Ltd., Co. The study was approved by the Ethical Committee. The specimens were completely anonymous and had no direct identifiers and no codes or indirect identifiers that link back to subjects.
Immunohistochemistry (IHC)
The tissue samples were obtained from patients during surgery and details regarding these tissue samples are shown in Supplementary Tables 1, 2 and 3. Manual immunohistochemical staining was performed according to the Proteintech protocol (http://www.ptglab.com/ Support/index.aspx). Staining intensity and area were assessed via the generally accepted German semiquantitative scoring system: multiplying intensity (0-3+) and extent (0-100%) of staining via light microscopy (range: 0-12) [23] .
2.7. RNA isolation, cDNA microarray analysis, and reverse transcription quantitative PCR (RT-qPCR)
Total RNA was extracted from cells using TRIzol reagent (Invitrogen, Thermo Fisher Scientific, USA) according to the manufacturer's instructions and further reverse transcribed into cDNA with M-MLV reverse transcriptase (Fermentas, Thermo Fisher Scientific, USA). The relative quantity of mRNA was determined by qPCR as described previously [24] . Primers used were QCR2 (5′-TTCAGCAATTTAGGAACCACCC-3′, 5′-GGTCACACTTAATTTGCCACCAA-3′), UQCC2 (5′-TCAGATGTACGAGA GCTTAGCG-3′, 5′-TGTACTCTTCCAACGACAGGC-3′), BCS1L (5′-ACCCGT ACTCAGCACCTCA-3′, 5′-GTTCTACCCGAATCCATTTCCC-3′), UQCRFS1 (5′-CGTCACCCAGTTCGTTTCCA-3′, 5′-AGGGGTTTGCCTCTCCATTTG-3′), CYC1 (5′-AGCTATCCGTGGTCTCACC-3′, 5′-CCGCATGAACATCTCCCCA TC-3′), UQCRB (5′-GGTAAGCAGGCCGTTTCAG-3′, 5′-AGGTCCAGTGC CCTCTTAATG-3′), UQCRQ (5′-CGCGAGTTTGGGAATCTGAC-3′, 5′-TAGT GAAGACGTGCGGATAGG-3′), UQCR10 (5′-ATCGTGGGCGTCATGTTCT TC-3′, 5′-ATGTGGTCGTAGATAGCGTCC-3′), UQCRH (5′-GAGGACGAG CAAAAGATGCTT-3′, 5′-CGAGAGGAATCACGCTCATCA-3′), LYRM7 (5′-GGACGGGCAGTCAAGGTTTTA-3′, 5′-GGTGCATCACAATATGGCACATT-3′), UQCC1 (5′-GGAGAAAACTGACTTCGAGGAAT-3′, 5′-TCCAGACGTGG AGTAGGGTTA-3′), TP53 (5′-GAGGTTGGCTCTGACTGTACC-3′, 5′-TCCG TCCCAGTAGATTACCAC-3′), TTC19 (5′-GCGAGCCAAGTTGAGCATTAT-3′,5′-GCGAGACGAAGAGCGTCAT-3′), CDKN1A (5′-CGATGGAACTTCGA CTTTGTCA-3′,5′-GCACAAGGGTACAAGACAGTG-3′), MDM2 (5′-GAAT CATCGGACTCAGGTACATC-3′, 5′-TCTGTCTCACTAATTGCTCTCCT-3′), CCNG1 (5′-GAGTCTGCACACGATAATGGC-3′, 5′-GTGCTTGGGCTGTACC TTCA-3′), GAPDH (5′-GGATTTGGTCGTATTGGGCG-3′, 5′-TCCTGGAAG ATGGTGATGGGA-3′), CCNB1 (5′-TTGGGGACATTGGTAACAAAGTC-3′, 5′-ATAGGCTCAGGCGAAAGTTTTT-3′), MT-CYB(5′-GCCTGCCTGATCCT CCAAAT-3′, 5′-AAGGTAGCGGATGATTCAGCC-3′), APAF1 (5′-GTCACC ATACATGGAATGGCA-3′, 5′-CTGATCCAACCGTGTGCAAA-3′), PERP (5′-CTTCACCCTTCATGCCAACC-3′, 5′-GCCAATCAGGATAATCGTGGC-3′), SESN1 (5′-CTACATTGGAATAATGGCTGCGG-3′, 5′-AGGTCTATGGGCTA ACACTTTGTT-3′), RRM2B (5′-AGAGGCTCGCTGTTTCTATGG-3′, 5′-GCAA GGCCCAATCTGCTTTTT-3′), TP53I3 (5′-GCCAGGCTCAGTACGTCAC-3′, 5′-GTCCTGCATGGATTAGCACATAG-3′), GADD45A (5′-GAGAGCAGAAG ACCGAAAGGA-3′, 5′-CAGTGATCGTGCGCTGACT-3′), RRM2 (5′-ATTG GGCCTTGCGATGGATAG-3′,5′-GAGTCCTGGCATAAGACCTCT-3′), FAS (5′-AGATTGTGTGATGAAGGACATGG-3′,5′-TGTTGCTGGTGAGTGTGCA TT-3′), THBS1 (5′-GCCATCCGCACTAACTACATT-3′, 5′-TCCGTTGTGAT AGCATAGGGG-3′), SERPINE (5′-GCACCACAGACGCGATCTT-3′, 5′-ACCT CTGAAAAGTCCACTTGC-3′), SESN2 (5′-AAGGACTACCTGCGGTTCG-3′, 5′-CGCCCAGAGGACATCAGTG-3′), SESN3 (5′-ACCTGCTCTGTACCAACTG C-3′, 5′-GACGACCGGATGTAGAGTATTCT-3′), ZMAT3 (5′-AGAAGCCTT TTGGGCAGGAG-3′, 5′-TGCTGCATAGTAATTTCGGAGTT-3′), PPM1D (5′-AGAAGCAGAAGGGTTTCACCT-3′, 5′-CATTCCGCCAGTTTCTTCCAC-3′) and PMAIP1 (5′-ACCAAGCCGGATTTGCGATT-3′, 5′-ACTTGCACTTGTTC CTCGTGG-3′). Intact RNA extracted from A549 cells transfected with QCR2 siRNA or NC siRNA was analyzed with an Affymetrix Gene Chip array (HTA-2_0).
Subcellular fractionation
Mitochondria isolation used for immunoprecipitation was performed using a Mitochondria Isolation Kit for Cultured Cells (cat. no. 89874; Thermo Scientific) according to the manufacturer's instructions. Fractions enriched in cytoplasm, nuclear and mitochondrial proteins were obtained from 2.0 × 10 7 cells as described previously [25] .
Immunoprecipitation and mass spectrometry analysis
Immunoprecipitation was performed using a Pierce Crosslink Immunoprecipitation Kit (cat. no. 26147; Thermo Scientific) according to the manufacturer's instructions. The eluted fractions were subjected to liquid chromatography and tandem mass spectrometry (LC-MS/MS; Shanghai Applied Protein Technology, China).
GST pull-down assays
GST pull-down assays were performed using a GST protein interaction pull-down kit (cat. no. 21516; Thermo Scientific) according to the manufacturer's instructions. GST-p53, GST-QCR2 or GST-PHB plasmids were introduced into Escherichia coli BL21 strain, and the recombinant proteins were induced by the addition of 1 mM isopropyl-b-Dthiogalactoside at 30°C for 6 h. HEK293 cells treated with PS-341 for 12 h were harvested, and 2 mg cell lysates were incubated with recombinant proteins bound to sepharose beads.
EdU proliferation and Cell Counting Kit-8 (CCK-8) assays
EdU labeling was carried out using an EdU Cell Proliferation Assay Kit (C00031; Ribobio, China) according to the manufacturer's instructions. Images were obtained using an Olympus BX53 fluorescence microscope. For CCK-8 assays, cells were seeded in a 96-well plate with cell density of 4 × 10 4 /mL with 100 μL medium in each well. After incubation for the indicated times, CCK-8 reagent (cat. no. CK04; Dojindo Laboratories) was added to each well, and cells were incubated for 1 h at 37°C. The absorbance was measured using an enzyme-labeled meter at 490 nm to calculate cell growth rate.
Real-time PCR for mitochondrial DNA
42 tissue samples were obtained from patients during surgery in Tongji Hospital (Wuhan, China) and made into paraffin sections. DNA of cervix cancer tissues was extracted using QIAamp® DNA FFPE Tissue Kit according to manufacturer's instructions (QIAGEN). RT-qPCR was used for the amplification of mtDNA. The mtDNA amplification was determined by the following primers, 5′-ATGGCCAACCTCCTACTCCTCATT-3′ [26] . Quantitative mtDNA amplification data was normalized to GAPDH as an internal reference gene. The RT-qPCR was initiated with 3 min at 95°C, followed by 45 cycles of 10 s at 95°C and 30 s at 60°C.
Reagents and antibodies
PS-341 (cat. no. 1846-1) was purchased from BioVison. Cycloheximide (CHX, C8030-100) was purchased from Solarbio. Doxorubicin hydrochloride (D1515-10MG) was purchased from Sigma-Aldrich. Dorsomorphin (Compound C) and GSK621 were obtained from Selleck. Antibodies used in this study were listed with the source in parentheses
Plasmids and lentiviral constructs
For overexpression of QCR2, a recombinant adenovirus vector expressing QCR2 (GenBank accession number NM_003366) or empty pcDNA control was provided by Vigene Biosciences (China). For overexpression of PHB, the full-length cDNA-encoding PHB whose c-terminal was fused with a cDNA fragment encoding flag was inserted into pcDNA3.1 vector (Invitrogen). A series of plasmids that encode different fragments of p53, QCR2 or PHB were constructed by inserting fragments generated by PCR and cloned into pGEX-4 T-1. For stable transfection of QCR2, pre-designed shRNA lentiviral particles were obtained from Genechem, the shRNA sequence (the targeting sequence: 5′-CAGACT CATGTCATTGAAA-3') was inserted into GV344 (hU6-MCS-UbiquitinLuc_firefly-IRES-puromycin). For stable transfection of PHB, predesigned shRNA lentiviral particles were obtained from Genechem, and the shRNA sequence (the targeting sequence: 5′-CAGAAATCACT GTGAAATT-3′) was inserted into GV344 (hU6-MCS-UbiquitinLuc_firefly-IRES-puromycin). For the control lentiviral, the sequence of 5′-TTCTCCGAACGTGTCACGT-3′ was inserted into GV344 (hU6-MCSUbiquitin-Luc_firefly-IRES-puromycin).
2.15. Senescence-associated-β-Galactosidase (SA-β-Gal) staining SA-β-Gal staining was performed using a Senescence β-Galactosidase Staining Kit (C0602, Beyotime Biotechnology, China) according to the manufactory's protocols.
Cell synchronization and cell cycle analysis
Cells were serum-starved for 12 h and then re-stimulated with 10% FBS and paclitaxel containing-medium for the indicated time points. Cell cycle distribution was determined as previously described [27] .
Immunofluorescence
HeLa cells were transfected with NC siRNA or QCR2 siRNA-2 for 96 h, and incubated with MitoTracker™ Red FM (cat. no. M22425, Thermo Fisher Scientific) for 45 min under standard conditions. Then cells were fixed in 4% PFA, permeabilized in 0.2% Triton X-100 for 15 min at room temperature, and stained with a rabbit anti-PHB antibody at 4°C overnight, followed by secondary antibody labeling with an antirabbit AlexaFluor-488 for 60 min at room temperature. Then cells were stained with 4′, 6-diamidino-2-phenylindole at room temperature. Images were acquired using an Olympus FV1000 confocal laser scanning microscope.
Cell apoptosis
Floating cells and attached cells were collected together and then cell apoptosis was determined by an Annexin V FITC Apoptosis Detection Kit (cat. no. 556547, BD Pharmingen) using flow cytometry according to manufacturer's instructions. Cells were analyzed using a BD FACSCalibur flow cytometer (San Jose, CA, USA).
Statistics
Data were presented as the mean ± standard deviations (SDs). Statistical analyses between experimental groups were conducted using Student's t-tests. The correlation between QCR2/PHB expression and p21 expression was determined by Pearson's correlation tests.
Data sets
Microarray data have been deposited in the Gene Expression Omnibus under accession no. GSE87850.
Results
QCR2 expression is elevated in human cancer tissues
Our previous study showed that QCR2 is required for TSA-induced apoptosis in tumor cells using SMART [7] . In line with the previous conclusion, QCR2 was located to mitochondria ( Fig. S1a and b) . However, it remained unclear if this mitochondrial protein might play a role in tumorigenesis. To address this issue, we first used immunohistochemistry (IHC) in tissue microarrays to determine whether QCR2 levels are altered in human tumors. We found that QCR2 was located in cytoplasm in the tumor specimens (Fig. S1c) . And QCR2 protein levels were significantly higher in human lung, liver, breast, thyroid, cervical, esophageal and prostate tumor specimens when compared to normal specimens (Fig. 1a-g ). Further analysis of 22 pairs of human tumor tissues and their adjacent normal tissues from the esophagus, thyroid, cervix, and lungs showed that the protein level of QCR2 was elevated in N80% of cancer specimens (two of four cases of esophageal cancer, four of five cases of thyroid cancer, five of five cases of cervical cancer, and seven of eight cases of lung cancer; Fig. 1h ). These results demonstrate that overexpression of QCR2 is a general event in several types of human cancers and suggest that it might play an oncogenic role.
Mitochondria number is loss in several types of human cancers and contributes to cancer progression [28] . And the amount of mitochondrial DNA per individual mitochondrion is essentially constant [29] . To find the relation between QCR2 expression and mitochondria number, mtDNA copy numbers of resected specimens from 42 cervical cancer patients were measured by quantitative real-time PCR analyses. As shown in Fig. S2a , there was no relation between QCR2 expression and mitochondria number in cervical cancer tissues in which QCR2 expression was evaluated by IHC (Fig. S2b) . The results indicate that QCR2 overexpression is not caused by mitochondrial number loss.
Silencing of QCR2 inhibits cancer cell growth by inducing G 0 /G 1 arrest and cellular senescence
To test the possible oncogenic role of QCR2, we first determined if QCR2 is required for cancer cell survival and proliferation by silencing its expression via siRNA. Indeed, silencing of QCR2 in human cervical carcinoma HeLa cells significantly inhibited cell viability, as assessed using CCK-8 ( Fig. 2a) and EdU proliferation assays (Fig. S3a) , respectively. Consistently, knockdown of QCR2 also induced profound G 0 /G 1 -phase cell cycle arrest, regardless of the asynchronous or synchronous nature of cancer cell cultures (Fig. 2b and Fig. S3b ) and marked senescence (Fig. 2c) as detected by morphology and quantified by fluorescence-assisted cell sorting (FACS) analysis (Fig. S4) as well. In line with these results, knockdown of QCR2 drastically reduced HeLa cell colony formation (Fig. 2d) . Similar results were obtained in S12 cells (an immortalized human cervical keratinocyte cell line containing HPV DNA as integrated copies), HCT116 cells (colorectal cancer), A549 cells (lung cancer), and MCF-7 cells (breast cancer) as well as SiHa and Caski cells (cervical cancer) (Fig. S5a-f) . Also, upregulation of QCR2 promoted cell growth in HCT116 and A549 cells (Fig. S6a and   b ). These results demonstrate that QCR2 is required for the proliferation and viability of a variety of human cancer cells.
To explore the underlying molecular events and mechanisms for QCR2-dependent cell proliferation and survival, we analyzed gene expression profiles of A549 cells transfected with nontargeted control (NC) siRNA or QCR2 siRNA-2 using a cDNA microarray. Interestingly, bioinformatics analysis of the gene expression profiles revealed that a number of genes in the p53-responsive pathway were differentially expressed in siQCR2 cells, compared to control siRNA cells (Kyoto Encyclopedia of Genes and Genomes [KEGG]; Fig. 2e ). The heat map showed that 20 genes that belong to the p53 signaling pathway within KEGG were differentially expressed when QCR2 was knockdown (Fig. 2f) . This result was validated by RT-qPCR analysis in A549, HeLa, and HCT116 cells, all of which contain wild type p53 (Fig. 2g) . In particular, p21, a gene involved in G 0 /G 1 -phase cell cycle arrest and cellular senescence, was markedly overexpressed (Fig. 2g) [30] . Accordingly, the protein levels of p53 and p21 were also upregulated when QCR2 was downregulated in HeLa, SiHa, Caski, S12, and QSG7701 cells (a hepatic cell line of human origin), as well as four other cancer cell lines harboring wild-type p53, including A549, HepG2, HCT116, and MCF-7 ) with or without QCR2 knockdown were plated in 6-cm dishes (lower panels), cultured for 10 days, and stained with crystal violet. (e, f) The transcriptional profiles of A549 cells transfected with NC siRNA or QCR2 siRNA-2 were analyzed by a cDNA microarray. The bar graph represents the specific categories of genes within KEGG, for which P values were b0.005 (e). The heat map shows the representative genes belonging to the p53 signaling pathway within KEGG that were differently expressed in QCR2-knockdown cells (f). (g)The different expression of 20 genes belonging to the p53 signaling pathway within KEGG was tested by RT-qPCR. The red words were the genes activated by p53 within KEGG. The green words were the gene inhibited by p53 within KEGG, (h, i) Western blotting for p53 and p21 after transfection of cells with NC siRNA, QCR2 siRNA-1, or QCR2 siRNA-2. cells ( Fig. 2h and Fig. S7a) . Consistent with these findings, overexpression of QCR2 via adenovirus (QCR2-Flag Ad) resulted in downregulation of p53 and p21 proteins (Fig. S7b) . These data strongly suggest that QCR2 could inhibit p53 activity. In contrast, knockdown of QCR2 did not alter levels of p53 and p21 in a mutant p53 (p53 R273C )-carrying C33A cervical cancer cell line (Fig. 2i) . Together, these results demonstrate that knockdown of QCR2 leads to the activation of the p53 pathway, while overexpression of QCR2 inhibits this pathway, and also suggest that QCR2 may regulate cell cycle and proliferation by controlling the p53 pathway.
QCR2 negatively acts on p53 by promoting its ubiquitination and degradation
To understand how QCR2 might act on p53 expression, we conducted the following set of experiments. First, we tested if overexpression of QCR2 can reverse the induction of p53 by knocking down this mitochondrial protein. Indeed, this was the case as overexpression of Flag-QCR2 markedly reduced not only the basal levels, but also the increased levels of endogenous p53 and p21 in response to knockdown of endogenous QCR2 (Fig. 3a and b) . Similar results were also obtained with QSG7701 (Fig. 3c) . The p21 induction by QCR2 knockdown was p53-dependent, as knockdown of p53 in cancer cells impaired the induction of p21's protein and mRNA levels ( Fig. 3d and  e) . By contrast, QCR2 had no effects on p21 levels in C33A cells expressing p53 R273C or p53-null H1299 cells (Fig. 2i and Fig. S8a-c) . Together, these results demonstrate that knockdown of QCR2 indeed leads to the activation of p53 and its pathway, and suggest that QCR2 might be involved in regulation of p53 level and activity in normal and cancer cells. It has been shown that p53 is mainly regulated at its posttranslational level via ubiquitination-dependent proteasomal mechanisms The cell lysates were immunoprecipitated with an anti-p53 antibody, and immunocomplexes were analyzed by western blotting for p53 and ubiquitin (Ub). (j) A549 cells were treated with 1 μg/μL of a protein synthesis inhibitor, cycloheximide (CHX), at the indicated time points after transfection with QCR2 siRNA-2 or NC siRNA for 72 h. Proteins were extracted and subjected to western blotting for p53, QCR2, and GAPDH. [31] . Our results also showed that QCR2 knockdown or overexpression leads to the increase of p53 protein, but not mRNA (Figs. S9a and S9b), suggesting that QCR2 might have an effect on p53 stability. Also, treatment of A549 cells with PS-341, a 26S proteasome inhibitor, nullified the effects of QCR2 manipulation on the p53 protein levels, suggesting that QCR2 reduces p53 levels via the ubiquitin-proteasome pathway ( Fig. 3f and g ) [32, 33] . Furthermore, the abundance of polyubiquitinated p53 was decreased following knockdown of QCR2 in A549 and HCT116 cells (Fig. 3h and Fig. S9c) . Additionally, p53 protein appeared to be heavily ubiquitinated when QCR2 was overexpressed in A549 and HCT116 cells (Fig. 3i and Fig. S9d) . Also, the half-life of endogenous p53 was remarkably prolonged when QCR2 was knocked down in A549 and HeLa cells (Fig. 3j and Fig. S9e) . Besides, in HeLa cells harboring low level of p53, QCR2-Flag Ad reduced the upregulated p53 expression and increased the downregulated ubiquitination induced by DDP (Figs. S10a and S10b). Taken together, these results demonstrate that QCR2 can promote p53 polyubiquitination and proteasomal turnover in cells.
QCR2 interacts with PHB, a chaperone of p53
QCR2 is a component of the ubiquinol-cytochrome c reductase complex (complex III, CIII) and required for the CIII assembly. Next, we examined effects of downregulation of nine subunits of CIII, as well as five other subunits (UQCC1, UQCC2, TTC19, LYRM7, and BSC1L) involved in the integrated activity of mitochondrial complex III, on p53 levels in HeLa and A549 cells [34, 35] . Surprisingly, knockdown of any of these proteins, other than QCR2, did not alter p53 protein levels (Fig. S11a) , suggesting that the regulation of p53 stability is specific to QCR2.
To understand the mechanism for how QCR2 might mediate p53 degradation, we aimed to identify proteins interacting with QCR2. To this end, intact mitochondria were isolated from A549 cells for immunoprecipitation using anti-QCR2 antibodies, and immunocomplexes were analyzed by LC-MS/MS. Thirty-three candidates were identified (Fig. 4a) . Interestingly, among them, PHB was the only QCR2-binding protein via bioinformatics analysis of 143 known QCR2-binding proteins (Fig. 4a-b and Fig. S12a) , which was previously shown to bind to p53 and enhance its transcriptional activity [36] [37] [38] .
The interaction between endogenous QCR2 and PHB in A549 cells was confirmed by co-immunoprecipitation (IP) with an anti-QCR2 antibody (Fig. 4c) , which was also reproduced using exogenous Flag-tagged PHB and endogenous QCR2 (Fig. 4d) . In addition, the interaction between p53 and PHB was detected by co-IP-WB analysis (Fig. 4e) . We then mapped their binding domains by performing a set of GST pulldown assays. PHB was specifically pulled down with the transactivation domain (TAD; amino acids 1-80) and the C-terminal region (amino acids 291-393) of p53 (Fig. 4f) . However, none of the PHB fragments, including N28 (amino acids 1-28), PHB domain (amino acids and C67 (amino acids 206-272), was found to interact with p53, suggesting that PHB requires its full-length protein to interact with p53 (Fig. 4g) . Using the same approach, we also found that QCR2 interacts with the PHB domain (amino acids 29-205) of PHB (Fig. 4g) , while PHB interacts with a 191-453 amino acid fragment at C-terminal QCR2 (Fig. 4h ). These results demonstrate that the C-terminal domain of QCR2 binds to PHB's central domain directly and validate the interaction between PHB and p53, which requires the entire PHB and the N-terminal domain and C-terminal domain of the latter.
PHB is necessary for QCR2-induced degradation of p53
The results as shown above indicated that PHB can form a complex with QCR2 and p53. We therefore tested if PHB might participate in QCR2 regulation of p53. As a protein bind to QCR2, PHB was mainly detected in mitochondrial-enriched extracts (Fig. S13a) . Using immunofluorescence studies, we observed that QCR2 was located to mitochondria and knockdown of QCR2 facilitated the transfer of PHB from the mitochondria to the nucleus in HeLa cells and A549 cells (Figs. 5a and S14a). Consistently, more PHB was detected in nuclearenriched extracts when cells were transfected with QCR2 siRNA-2 (Figs. 5b and Fig. S14b) . The interaction between QCR2 and PHB was enhanced when QCR2 was overexpressed (Fig. S15a) . Also, overexpression of Flag-QCR2 markedly attenuated the interaction between PHB and p53, while knockdown of QCR2 enhanced the interaction (Fig. 5c and  d) . Furthermore, silencing of PHB by three individual PHB-specific siRNAs, similar to p53 silencing, abrogated the induction of p53 by QCR2 knockdown (Fig. 5e) . Correspondingly, the induced expression of p53 target genes, such as CDKN1A, TP53I3, and MDM2, upon QCR2 silencing was also suppressed by knocking down PHB (Fig. S16a) . Consistently, PHB-specific siRNA rescued G 0 /G 1 -phase cell cycle arrest and decreased S-phase DNA synthesis induced by QCR2 knockdown (Fig. 5f and Fig. S16b ). Either PHB knockdown or p53 knockdown abrogated the senescence caused by QCR2 knockdown (Fig. 5g) . These results indicate that PHB is required for p53 activation that is induced by QCR2 signaling. As PHB2 was another subunit of prohibitin complex and deletion of PHB2 results in the absence of PHB [39] , knockdown of PHB2, just like knockdown of PHB, also abrogated the effect of QCR2 on p53 (Fig. S17a and b) . Given that PHB2 interacted with AMPK which was an important regulator of p53, we detected the activated AMPK in cells transfected with QCR2 siRNA-2, QCR2 siRNA-2 and PHB siRNAs or PHB2 siRNAs. We found QCR2 knockdown not only upregulated the expression of p53, but also activated AMPK. However, the activation of AMPK by QCR2 knockdown was not suppressed by PHB or PHB2 knockdown (Figs. S17b and S17c). At last, we transfected A549 cells with QCR2 siRNA and 24 h later cells were treated with an AMPK activator GSK621 and an AMPK inhibitor Dorsomorphin. The result showed that, neither GSK621 nor Dorsomorphin eliminated the upregulation of p53 by siQCR2 (Fig. S17d) , which indicating that the function of PHB on p53 was not dependent on AMPK activity. Since p53's mRNA levels were not altered in cells transfected with PHB siRNA, regardless of QCR2 silencing (Fig. S18a) , and PS-341 blocked the suppression of p53 activation in response to QCR2 knockdown by silencing PHB, the regulation of p53 by PHB upon QCR2 knockdown was at posttranslational, but not transcriptional level, highly likely through regulation of the ubiquitination-dependent proteasome system (Fig. S18b) . Indeed, the reduced polyubiquitination of p53 upon QCR2 knockdown was reversed by silencing PHB (Fig. 5h) . Also, knockdown of PHB led to the shorter half-life of p53, which was extended upon QCR2 knockdown (Fig. 5i) .
Taken together, these results strongly suggest that PHB is involved in the negative regulation of QCR2-promoted p53 proteasomal degradation, though the detailed mechanism(s) remains unclear.
Silencing of QCR2 leads to PHB-dependent inhibition of tumor growth in vivo
To further determine if QCR2 and PHB might affect tumorigenesis by regulating p53 in vivo, we injected luciferase labeled and wt p53-harboring A549 cells, which were stably transfected with QCR2 shRNA or both QCR2 shRNA and PHB shRNA (Fig. 6a) , subcutaneously into severe combined immunodeficiency (SCID) mice, and then monitored tumor growth by measuring subcutaneous tumors periodically. Interestingly, knockdown of QCR2 led to the marked decrease of xenograft tumor growth, which was partially, but significantly, reversed by further knocking down PHB (Fig. 6b-e) . The reduction of tumor growth must be due to the induction of p53 and its activity by QCR2 siRNA, as knocking down QCR2 induced the protein levels of p53 and p21, whereas further knockdown of PHB reduced this induction as examined by IHC staining (Fig. 6f) and Western blot (WB) analysis (Fig. 6g ). These results demonstrate that QCR2 and PHB play opposite roles in regulation of p53 and tumor growth, which is in line with their functions in regulation of p53 stability and activity as shown above.
QCR2 overexpression and PHB downregulation are associated with reduced p21 in cervical cancer
To translate the information gained from the above studies into clinically significance, we enrolled 270 cervical cancer specimens and 34 normal cervical tissues. Because it is difficult to detect p53 owing to its short half-life partially due to HPV infection [40] , we examined p21 levels as well as QCR2 and PHB levels by IHC. As a result, we found that QCR2 is highly expressed in cervical cancer tissues compared to normal cervical tissues (p b .001; Fig. 7a ). By contrast, p21 and PHB Intact mitochondria from A549 cells were isolated, and the mitochondrial lysates were used for co-immunoprecipitation studies using an anti-QCR2 antibody or control IgG. Immunocomplexes were analyzed by western blotting for QCR2 and PHB. (d) Plasmids encoding Con-flag or PHB-flag were transfected into HCT116 cells. Whole cell lysates were then used for co-immunoprecipitation studies using an anti-flag antibody. Cell lysates and immunocomplexes were analyzed using anti-QCR2, anti-p53 and anti-PHB antibodies. (e) HCT116 cells treated with PS-341 for 4 h were isolated, and the lysates were immunoprecipitated using an anti-p53 antibody or control IgG. Immunocomplexes were analyzed by western blotting for p53 and PHB. (f) Mapping the PHB binding domain on p53 by GST pull-down. Purified GST-p53 proteins were incubated with cell extracts prepared from 293 cells and then detected by western blotting for PHB. (g) Mapping the QCR2 binding domain on PHB by GST pull-down. Purified GST-PHB proteins were incubated with cell extracts prepared from 293 cells treated with PS-341 and detected by western blotting for QCR2 and p53. (h) Mapping the PHB binding domain on QCR2 by GST pull-down. Purified GST-QCR2 proteins were incubated with cell extracts prepared from 293 cells and then detected by western blotting for PHB. levels were significantly lower in cervical cancer tissues than that in normal cervical tissues (p b .001; Fig. 7b and c) . The negative correlation between the elevated QCR2 level and the low or undetectable p21 level was further confirmed by Pearson analysis (r = −0.335, p b .001; Fig. 7d ). Conversely, a positive correlation between the expression levels of PHB and p21 was also obtained using the same analysis (r = 0.250, p b .001; Fig. 7e) .
Interestingly, PHB was detected in both the nucleus and the cytoplasm of normal cervical tissues, but only in the cytoplasm of cervical cancer specimens. These results suggest that PHB might be imported to the nucleus, where it functions to protect p53 in normal cells, but translocated to the cytoplasm in response to QCR2 upregulation during tumorigenesis (Fig. 7f) . Intriguingly, the upregulation of QCR2 and downregulation of PHB and p21 appeared to occur during the early stages of cervical cancer progression (Figs. 7g-i) . These results, consistent with the cellular and xenograft results (Figs. 1-6 ), suggest that QCR2 and PHB might play opposite roles in regulation of the growth of human cervical carcinoma, perhaps by controlling p53 activity as presented by the expression of p21.
Discussion
Although p53 has been reported to modulate mitochondrial activity, it has been seldom investigated whether mitochondrial proteins might regulate p53 level and activity [16, 41] . In this study, we uncovered QCR2 as the first mitochondrial protein that can regulate p53 stability and activity, which can be reversed by another mitochondrial protein PHB, though the latter was previously shown as a p53 chaperone (Fig. 8) . QCR2 might directly binds to PHB in the mitochondria, preventing PHB from binding to p53. Conversely, QCR2 knockdown leads to PHB translocation from the mitochondria to the nucleus where PHB might activate p53 by binding to and stabilizing it. Therefore, our results reveal the inverse regulations of p53 stability and activity by QCR2 and PHB.
It has been shown that p53 maintains the balance between cell proliferation and death, acting as a barrier to cancer progression [42] . Our study also showed that the p53 signature pathway is negatively regulated by QCR2 through cDNA microarray analysis. This conclusion is further supported by our results obtained from a set of cancer cell lines, an in vivo xenograft model, and clinical specimens. HPV infection is an important factor leading to p53 degradation via the interaction between E6 oncoprotein that is encoded by the HPV viral gene and p53 in cervical cancer [43] . The negative regulation of p53 stability by QCR2 must be independent of E6, as this was shown in a panel of p53-containing cancer cell lines regardless of the HPV status. Among all of the cell lines tested in this study, there were HPV-positive cervical carcinoma cells, such as HeLa, SiHa, and Caski cells, and HPV-negative cancer and normal cells, including A549, HepG2, HCT116, and MCF-7 cells as well as the hepatic cell line of human origin QSG770 and the immortalized human cervical keratinocyte cell line S12, which contained integrated copies of HPV DNA. Also, in line with the results from these cellular experiments, the xenograft mouse model and clinical correlation analysis showed a negative correlation between QCR2 and p21, revealing the physiological role of QCR2 in the p53 pathway [13] . In contrast, QCR2 failed to regulate mutant p53 or p21 levels in either mutant p53-haboring C33A cells or p53-deficient H1299 cells. Hence, our studies as presented here reveal QCR2 as a novel suppressor of p53, playing an oncogenic role in tumorigenesis.
Although it still remains unclear how exactly QCR2 negatively acts on p53 stability, we identified PHB as a novel QCR2-binding protein that might play a part in this regulation through co-IP-coupled proteomic analysis. This interaction was confirmed by co-IP, coimmunofluorescence staining and GST-pull down assays (Figs. 4 and  5) . We also mapped the binding domains for the PHB-QCR2 interaction, though it remains to learn if their direct binding is required for regulation of p53 stability and activity. Interestingly, PHB has been reported to interact with p53 in the nucleus of cancer cells and acts as an activator and chaperone of p53, increasing its transcriptional activity [36, 44, 45] . We showed here that silencing of PHB impairs the induction of p53 upon QCR2 knockdown, suggesting that PHB is required for p53 activation in response to QCR2 knockdown, or alternatively QCR2 might block PHB activation of p53. It was difficult to map the p53-binding domain of PHB, as neither of its short fragments was able to bind to p53 (Fig. 4g) , suggesting that the intact PHB protein is probably necessary for its interaction with p53. But, interestingly, PHB bound to the N-terminal and the C-terminal domains of p53 (Fig. 4f) . This suggests that PHB might protect p53 from QCR2-facilitated ubiquitination and proteasomal turnover by binding to these domains, though this conjecture needs to be further examined.
Identification of PHB as a suppressor of QCR2 in regulation of p53 stability and activity is biologically significant. PHB was initially identified as a protein with antiproliferative activities and shown to be localized in the mitochondria, where it functions to stabilize mitochondrial proteins [46, 47] . We speculate QCR2 may strengthen the interaction with PHB under some conditions, such as inflammations or lack of nutrition, which need future studies. The Human Protein Atlas analysis showed that PHB is downregulated in several cancers, including cervical cancer, glioma, lung cancer, melanoma, prostate cancer, thyroid cancer, and urothelial cancer [48] , although its level was also elevated in colorectal carcinoma, thyroid carcinoma, and transitional cell bladder cancer and decreased in the context of tumor dedifferentiation and gastric cancer initiation [49] [50] [51] [52] . Our study as presented here showed the marked reduction of PHB levels in human cervical cancer and a positive correlation between PHB and p21 levels, suggesting that PHB might play a tumor suppression role in this type of cancer (Fig. 7 ). In line with previous studies showing that PHB exhibits differential subcellular localization [53, 54] , we found that knockdown of QCR2 leads to the nuclear import of PHB from the cytoplasm (Fig. 5a and b) , suggesting that PHB might bind to and protect p53 in the nucleus. Consistent with this speculation, comparison of PHB levels between human cervical cancer and normal tissues revealed the reverse correlation between QCR2 level and PHB or p21 levels (Fig. 7) . These results suggest that PHB might positively regulate p53 activity as measured by p21 expression by negating QCR2 function toward p53.
In summary, our study as presented here identify the mitochondrial protein QCR2 as a novel suppressor of p53 to negatively regulate its stability and activity, and this suppression can be potentially reversed by another mitochondrial protein PHB. Their regulations of p53 must occur in the nucleus as most of p53 molecules reside and functions as a transcriptional factor in the nucleus. This cellular study was also validated in a xenograft lung cancer model and in primary human cervical cancers. This QCR2-PHB-p53 regulation might be generally applicable to most of the cancer types, because knockdown of QCR2 leads to p53 activation in a large spectrum of cancer cells regardless of their tissue origins. Although it remains to investigate how exactly QCR2 regulates p53 stability and how PHB inhibits this regulation, our study provides new information suggesting that QCR2 might act as an oncogenic player and serve as a potential molecule target for future development of anticancer therapy. 
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